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(54) Method and apparatus for 
a^se^ng the structure and mechanical 
integitty of osseous systems 

<57) A method ancf apparatus for 
, assessing the mechanical an<l shtictufal 
Integrity of ossfeous sy^ems for ■ 
example the progress to completioh of 
fracture union of a fractured bone. The 
method inyolyes stimulating the bone 
toset up vibrations in the bone and . 
then mbnitoririg tha resulting vlbratipns 
frorin the bone in such a way that an 
accurate assessment of the integrity of 
. the bone can be made. This may be 
done by either stimulating the bone by 
mechanical Impulse and detecting the 
changes In transmission of vibration 
from one point to another In the bone, 
or stimulating the bon0 with a 
sinusoidal wave form and monitoring 
the changes in resonant frequencies of 
the bone parts tjnder investigation. 

The disclosed invention has the 
attributes that it yields a measure of the 
mechanical state of bone and that 
measure Is quantitative. Moreover it 
yields data of similar quality whether 
the bone is intact, disrupted, healing or 
the site of an Impiatit, splint or 
prosthesis of whatever material, and 
has applications as a research tool or 
dinical monitor of skeletal changes. 
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With this inethbd the step of obtaining the rati^ respfective yibratoiy signals from t^^^ 

yibratoiy red^bhdrrig mjeans, or the difference in natural mode frequepc^j cahceldcout e>(traneous £m 
unwanted^t^Ors (^uth as iimb ^^^^ 

ment of the pibgrQ^^ 6f bdhe fracture union, ^^^^^^ or prelQadjng;6f;the,r^ 

5 ing means dirfiinii^hed the edccdsslva ijii^mping effectis bh the ^^brato^Y signals c^^^ed by trahstni^bn of, 5 
the signals thrxSugh l^le ^s^ -^-^ > -y-'. i^ • 

ft has^Qen f^ti|)d jp^ 

the fomi of kq^eJerdhigten by an/ahibi^nt w^^ related to Ae ihlcknessldf thjsf^o^^ . ; 

bone and dib' jtteasudhg a IbV^^st threshhold^lue pf p^^^ 

16 the damplng^erifecbr^^^ ^'^'j^^*:-'--':?^ V; ::v A.. ]-r '-^--'^^''} .M'- ^■■•I^^^^'*^.-:^' ' 

To ayoid haying tO'ei^pfby^ In botti. the above ^ 

bonestfmiiltist tpir^onftbrVibrafbry^^^^^^ 

maxintum DolM^rsKj|TC freq^^ obtained i^ pppylde. an a^ 

union,..;. .'' .* ? I 'y. ■ ■ '/.-y- . 

15 According.tQ ahother espdict of the.fhV«hti6tl there Is pirovided a methbd^^^ aissesslng bone ft^l^^ / 'i^' 
unlbn,cornpdisihg:9^^ : r 

from the bohis tteitby to diifteM prbgresis to tbhiplete fra^ 

■ ■ Brief d^scHf^tfoh of th^^ /;":'=:'-:^-. ' ^ r^N--.-- i \ 'j z:-l^::^'-,r'' 

20 The inVehtloh will^bw be^ to a pr^rred embodir^^ ;.^b: 

the invention niustrated in the accompanying drawings ydier^ 

Figure t Is a scHenni^tic iirusH^tiW for assleisslng progress of bone i^ctur^ union: f 

accorcOhg[ to the inyentfbhf; . ' • - '■ ■ ■■ w-/' /^^ v-'/! '' 

Figure 2 shovfs represidhtdtive vibratory signal recordings taken from a group of pati^^ 
25 shaft fractures at various stages of healing using: the. apparat^ V - 26 / 

Figure 3 \% a histogram of the anriplinide ratibs of vibratory signals obtained with the apparatus oiF Rg- 
ure 1, from thirty normal tibiae; , 

Figure 4 is a graph of time-after-fracture pibttiad against anripin:ude ratio comparing those tibiae that 
went on to satisfactbnr union ^Adth tibiae that did not progr^ 
3d Figure S\b a schematic iilustratibh of an alternative sijitabl^ apparatus for assessing progress of bond: 3Q 
fracture union according to the frequency mode aspect of ^t^^^ 

Bestrnodesofdarryifig outth^inventiort ^f/. ■ ■ I- ■ ^ ^ ■ 

Apparatus for asstessirig the progress of fracture union of a skeletal element In this c^se the htiman " / 
35 tibia. Is shown fn Rgure I. . : 35 . 

It comprises a pair of accelerbnieters 1 and 2 shown mounted on the anteromedial subcutanepue^ur-: 

^ce of a tibia T respectively to either side of a itiblal fracttire F* l^ 

acceterometer t is positioned 60 mm distal to tiie tibial tuberde, Whilst the. a^^ 2 is .6p mm 

proximal the medial malleolus;} 
40 To set up the required vibration fn tiie tibia an impluse l of 0.045 Ns may be applied to the tibial tuber- 40 

de, by means hot shown; arid the resulting vibrational effects in thel tibia are displayed on an b^'llo- 

scope 3:cou|^ed to the alxeierometers/the OS 3 being set simultanepusly to display two traces. 

respectively reprissentative of the signals frohri the accelerometeins 1 and 2. Ah Xry .pen recorder 4 is con-. 

nected to the oscilloscope 3 tb provide a penriane^ ■ . : . 

45 To counteract the effects of skin thicknesst, e^ch accelerometer 1 and 2 Is prelpaded witii a vertical^^^^^ , • 4^^ 

force to such a degree that the obtained vibratory signal is comparable with a reference vtbratbry signal 

which, would be okjtdihed wHth the acceleromei^ positioned directly on the fractured bone, it has been 

shown tiiat this is met when the preload is witl[iin the range 3^ to 6. Newtons, and the required value 

within this rarige in any gh^abase is cDrectiy pr^^ 
50 To test the dinical accuracy of the appa^^ $0 

seal fractures In the tibia; and hbrmat cont^ 

successful fracture union. 

Four typical wavefbrm traces obtained from fbur patients over a period of time, from a fm hpure from 
Initial tnjury up to sbc mpnths latere are shown In Rgure 2{a) to 2(^^^^ 
55 tibia of a 27 year old male after two weeks; Rgure 2(b) from the left tibia of a 17 year old male, at two 55 
wieeks and corresponding to a showing of moderate caljtis on the radiograp 

of an 80 year old male at twelve weeks arid corresponding to tenuous radibgraphi<^l union, and Figure. 
2(d) the right tibia of a 22 year old male at eighteen weeks, dinicalty and radlographicaHy solid. All the 
fractures were managed nonoperativefy and went on to ^sfactbry union. 
60 Each Figure 2(a) to 2(d) shows a dual trace Pf a damped waveform, that in dotted butiine being tiie. 60 
reispbnse from the distal accelerometer 2. The Other damped wavefbrm trace, in full outifne, is the re- 
sponse from the proximal accelerometer 2 which is nonvariable and normal in all cases, that Is normiai 
with respect to that trace which would be obtained with the proximal accelerometer from a non-fractured 
tibia. 
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In another mode of feanying put th6 inVentloh the skeletal element Is simulated . by d sinusoidal 
form and th$ first mode hatufal fnsquenc^^ of the skeletal part under study fs measured directly and us«l • 
to form a (ijuantitatiye ^ i 

Thus in <»rTip9rfsbri to-thd^ ^"^PM^t ; 

5 of eneisy rtjisntlttei a^^ § 
is based on tiieV^mfse^^*^^ ft^u^cy of a dlscrete^ ■ 

ment^ strucwrai ^it^^ jitatt^ri e?$l^^n^pr nt|^^ ; 

' .quendes;-., " ■' ' ■ . 'S' v/^ ■■••':^H " ■ i^^^' yi^ ■' y ' ./^^ .. 

To drive the bone at fts natural frequency, ari electro- mechanical: vlbi^r |s a^^ : 

10 drtvert by a sine viray6 g ' 10; 

skeletal etement can be drh^n at 

Rgurefil^'fiTCheflr^ 
fracture uhjoiiraccordt^^ 
ator G fbr VIbrtitihg tiie hurhah^tf^^^^^ 
16 first bone Vtbr&tbty rj^poftdrnS m^ti^r In the form of art ecceteiprneterAl? &pp\M rnm^frprp >thi?kti^>la( V 1 S 
tubeide and ;e i^n fs appJittJ>tatl!e:;8Mb!q^ : 

from th^ titeatal rriatjeia^ ; v • ^ y he - ' ' 

Each bbrtf yibiratoty respbhdthft mi§ans fe^^^^^^ bo^h slighel^ frp^ tfie / . 

accelertimeteis ban badi^^^ Fbr^eljbla;thefir^ra6dena^ ; 
20 distal fragrhents tiierepf Is deteir^^^ bV stimuJatlhg the tibial tuberde et Various.^ciubncleSr fli^^^ 2iQ(; 
serving that ft^uenc^' at tr«ce of ^ach; apceferometer signal reacji|M5^^l^^ v 

^ maximum 9mplttiide..-\ v • ->.'.• 

When the tibia Is fr&ctured^etvvfftrac^ fr?- ; 

quency is dHHP^rerit In the p^roxWal end distal fragments, and t^ proximal frajctu^ has the higher 
25 frequency, the healing tibia nfiay be vlsuaii^ as twra major fragments vibrating independentiy^)^ ?5 
but with an interface zone Which gradually becpmes stiffer. As healing progresses the length of the vl? 
brating system is effectively Increased and this has the effect of depre^lng the natunal frequiMcypf rt^^ 
vibrating fragiments.-'.* : ; ■ 

The mean fall in frequency difference as the tibia hMSrCpitelates well w radiological: 
30 evident of union, biit IS evident long before either of these current dinical t^hhique^^^ 30 
assessment of fracture.healihg, ^ ^ , . V \ x 

Caicitlatiori of this mean difforeiice over a period of time forms en accurate means for assessThir bone 
fracture lihion end wheh the difference is ^drenrieiy small or npnr existem^cture healing can be said to 
have taicen place/tlie natural frequency of the tibia at *at time corresjppndlng to the first mode nataw^^ „ 
35 frequency of an intact tibia. ; ; . , 35 

A block diagram of a system for processing tiie data received frpm the accelerometers using the im- 
pulse mode of ti^e Invention Is given In Figure 6. The heart pf the system is a microcomputer board 
offering four analogue- toKiigital conv^srter inpiitSr and f nu 
for dhiuft-control purposes, 

40 been witten sp^cificalty to perfom Idle pro^^^ described above. ; 40; 

The operating sequence Is as follows: a digital trigger pulse from the computer is sent via an interfoce 
circuit to a solenoid-actuated piston, The piston is released, and impinges onto the tibia giving an impui- ; . 
shm stimulus of defined value; The resuWrig vibrations within the 15^^^ try accelerometere 1 

and 2 (Bruei & Kjaer, typie 4369K appnjpriately positioned on either side of the fracture site. The aocele^ ; 

45 meters convert ^ese vibrations into low-level electrical signals, which are then amplifie^^ by Ihistnimenta- 45 
tion Amplifiers m and Ida. Pro\^sion is made In these circuit for the caiicellatiorr of oflfeet potentials, 
and for the adjustment of amplifier gain In order to compensate for any imbalance in the sensltiyities 
the transducers. 

The ampJified accelerometer signals are then fed to the peak detector drcuita, \CZ and IpS for Accelero- 
50 meter t,1C2a and IC3a for ^xelerometers 2. IC2 flC?a) captures and stores the maximum pbsitiviB value 50 
of the vibration transient and hpld^ it ready for use by the diannel i (ia) analogue-to-digftal converter. 
Similarly, IC3 {3a) captures the maximum negative arnplitude of the same transient for use by the Ghan^ 
nef 2 (2a).arialogUe-to-<iig{tal converter. The computer now allows conversion to take piac»; the timing of 
^is proce^ Is software-controlled, so that conversion occurs within a faWTnitliseconda of 
55 of the transient peaks, in order to rriinimlse errors due to the inevitable dec?v of voltage at the output of 55 

the detectors. _i ' 

The values resulting from the conversion prbpess are stored by tiie coniputer as four variables. A sim- 
ple arithmetic sequence now calculates the peak-to-peak amplitude of vibration transient from each acce- 
lerometer, and determines the riatib of the two amplitudes for display as the required result of the test 
60 Finally, the computer generates^ a pulse which resets the outputs of all the peak detectors to^^ 60 

readiness for the next test 
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ram; general cpntrojre^^ 

register wni qtsa^^^^ and^rtafali^^^^ -= ; " : ; = ; v v >: . " . 

The next rej^iisier on ^tA^^rSi^^'t^ !sf the Qirsfl^AL Ft^S^^^^ 
the range pbOQ fo OpF^: lite g^rtir^i^^^ 
5 however It ^t} yvrht^ tp at ariy tfnie. This ability to write. to the gjehdiriahir^glst^ ajfry tfrhe.nij^hsVv. ' 5 
that all chahnel 

individual rontrbr^ lirie^f^ Wy^'^i^^ ailpV^^^i^bifdi^^^ v ! 

thesame^iiqi'^,. .•;.'■*:;':'. ' V'^'' ■ 

The last Iri^iut 6iitpiii dfe^^ In the^ihanjgfe DEQO ofRE^ 

10. The PlA.can onfy,h|^.yi^en tp.or r^d afler the chann^ has bensn enabled^ llie first 

make up th^ dai^ ri^glj^i^ ^ ; ■ , 

allowthe Pt^ JBiLtff gfe^ ; 

The address lines are linked to the PIA tn a non standard arrangement to give this type of accessr :1 
15 AO Is linked to RSI tS 
. Al is jinked to/RSp:- "'y ■ \ ■ 

The two irtternfpt l^n^s IRQA and IRQB ai^ linked to the systerri bu^ IRQ line iand to the channel register. : 

The oirr^jfi^ jpi^^ hav^ f^ll addif^ decxj^^lng so t^ registers on ^- ; 

cards ar^'diJ)>Ucai^' thro ■ :y'^:'-^^-¥t v-V^;v-':Xv;;i;S-. - '^A^-^/^V-^ -^^^iv ^' .-^^ 

20 Sevejral ch^nhel^ are reserySa jb>s^ dpl^lici^tfpti^^^^ 20; 
FE. One chanHe^, 0;; te i^le^^ : 
trol probtenii/Ali'dthef '^^ • ; 

There are fpui* dHboit^|^23f;d^^ : : 

vices are. the j^b/ th^68^; t^ erf tt^ ■ : 

25 The la^h can l!^ used by the CPU tb s^ignatVahy ettoi^^ s^if test One bft of>th% I^ -is;^^^^^^^ 

reserved to allow the operating sofltware tp Wtch the system from a GPIB slave.unit to ^ Gpfi niaster 
unit This p0ti0h can be ig^^^^ board hard vi^red as a m^^ : 

control of the bus and use ft to report the results-br to taki^ cofitrbi of any other slave deyices oathe bus, 
e.g. there are^manyx- y plotters pn the market with IEEE GPIB interfaces arid such a plotter could: be 
30 used to plot thb result . V r ■ . • 30 

The onboard inpuVoUtput de^inces only oixupy the top thirty two bytas of the I/O block. TTie ramaining , v 
section can be used for external input/output devipas. These must all be addressable In the top section Of V 
the I/O block: ; ^- •^ v^' ■^■•^^ i^i'- >• ? V 

The above methods forassesslng the mechanical properties of a . h^^^ 
35 skin mounted accelerometers to detect the trarisnilssion of externally Induced yfbratiohs adpng the ^bia. : ; 35 
The effect of soft tissue between the aoceferpmeters and thie tibia attenuates tiio received siignals, and- 
careful plapsmerit ahd braloading of tiie transduceta is -necessary to obtain reproducible results. 

An alternative t^hnique; based upon Doppler ultrasound/to measure tibial ylbrations may be em- , 
ployed, which is independent of tha skin thlckneiss ^nd inviolves of the accelerometers. 

40 Ultrasound Striidng amoving target v^UI be reflected back to tite transmrtter changed in frequency by; 40 
an amount gh^en by: 

■fp=.2^yAe. • \ . . : • - 

where fo is the chaise in frequen^^ 

fs Is the frequency of tile mddeht sound, 
45 vlsthpvelocity of the moving targetr and ^ . 4^ 

and c is th^ speed of sound in the medium between source 

tbrget (approximately 150O.J 5^1 j. 
If the target is vibrating siniisoidally then its ve 
.V = aoWsinwt.^ 

50 whereaois ti^displ^i^ment of th^ . 50 

. 'v^ = BoVy =i iirf a. ■ 
where f is the frequency of vibration of the target 

2f,nnax * . 

55 fomax = BS 
and so 

4irfF,a^ 

60 fomax = 60 

Hence by measuring the maximuni Doppler shift frequency the amplitude of vibration may be deter- 
mined. By suitable choice of f^ f and amplitude of vibration of target a value for % in an acceptable range 
can be obtained. 
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16. A method as claimed in claim 15 wherein sa(d ultrasbuhd probe is coupled tb the sidn surface by 
a suitable y/ater based gel. ch I ! d smictu \ l t 'tyrof eoiis syst^nis substantially 

as hereinbefore des0ribecl with reference to and as illustrated In the accompanying drawings. 
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